nucleus and translated to produce a 50 kDa precursor protein, and is then processed into mature 43 kDa in the chloroplast. In a knockdown experiment through virus-induced gene silencing (VIGS), the reduction of PGK decreased the accumulation of BaMV coat protein (Lin et al., 2007) .
Eukaryotic elongation factor 1a (EF1a) has been shown to play a role in binding to the tRNA-like structure and upstream pseudoknot in the 3′ UTR of Tobacco mosaic virus (TMV) to regulate the gene expression and viral replication (Pathak et al., 2008) .
EF1a has also been involved in the recruitment of viral RNA and has facilitated the replicase complex assembly of TBSV . The 3′ UTR of BaMV can not only bind its replicase but also the EF1a, and has been proposed to regulate viral RNA replication (Lin et al., 2007) .
In this study, we transiently expressed two mislocalized PGK mutants to study the possible functions of chloroplast PGK that is involved in viral RNA replication. In addition, we used confocal microscopy to investigate the localization of BaMV RNA.
Finally, we provided evidence that the downregulation of BaMV accumulation in PGK-knockdown plants can be restored by the expression of the BaMV RNA binding protein EF1a that is fused to a chloroplast transit peptide. 7 protein identified by LC/MS/MS (Lin et al., 2007) , the sequence of amino acids matched to the chloroplast PGK (chl-PGK, accession number CAA88841.1) rather than to the cytoplasmic PGK (cyt-PGK, accession number CAA88840.1) (Fig. 2) .
Although strong identity exists between the amino acid sequences of cytosolic and chloroplast PGKs, chl-PGK is more likely to be involved in BaMV RNA interaction.
To characterize the possible roles of the chl-PGK involved in the BaMV infection cycle, we cloned the full-length chl-PGK from N. benthamiana, which is designated as NbPGK1. The sequence alignment results showed a 98% identity between N. benthamiana and N. tobacum PGKs; and the highest variation lies occurred in the of N-terminal transit peptide. Because chloroplast NbPGK1 seems to play a pivotal role in the early stages of BaMV infection, we proposed that one possible role of chloroplast NbPGK1 might be to mediate BaMV viral RNA targeting to chloroplast.
To understand the different subcellular localization effects of NbPGK1 on BaMV infection, we constructed two chl-PGK mutants. In the first mutantone (NOTP-PGK), the transit peptide was deleted. In the second mutant (NLS-PGK), a nuclear location signal (NLS) was fused to a chl-PGK derivative that lacked the transit peptide. The NLS sequence was derived from the gene of the Simian virus 40 (SV40) large T antigen. These PGKs (i.e., NOTP-PGK and NLS-PGK), were fused with the GFP on the C-terminus for transient expression experiments. GFP fluorescence was detected in all transiently expressed leaves. Confocal microscopy of intact, living leaf tissue from these transiently expressed plants revealed that chl-PGK-GFP fluorescence colocalized with chloroplast autofluorescence. Transiently expressed NOTP-PGK-GFP was constitutively localized to the cytoplasm. NLS-PGK-GFP was able to enter the nucleus that colocalized with DAPI (nucleus dye) in the cell. As expected, these three proteins targeted different subcellular localizations (Fig. 3A) .
We then transiently expressed chl-PGK-GFP, NOTP-PGK-GFP, NLS-PGK-GFP and GFP proteins in N. benthamiana leaves for 3 d, inoculated BaMV virion for 2 d, and examined the coat protein accumulation using western blotting. Coat protein accumulation demonstrated no significant difference between GFP and chl-PGK-GFP transiently expressed plants (Fig. 3B ). This result suggested that the amount of endogenous chl-PGK might be sufficient to support BaMV replication. However, in NLS-PGK-GFP and NOTP-PGK-GFP transiently expressed plants, the accumulation of BaMV coat protein dropped to 27% and 47%, respectively, compared to that of GFP transiently expressed plants (Fig. 3B) . The transiently expressed NOTP-PGK-GFP and NLS-PGK-GFP proteins might play a dominant role in blocking the endogenous chl-PGK from assisting in the accumulation of BaMV in plants. The same experiment was performed with PVX. The PVX replicase was previously found to be localized in the ER membrane (Bamunusinghe et al., 2009) . As expected, the coat protein accumulation of PVX did not demonstrate a significant difference among those transiently expressed plants (Fig. 3C ). According to a previous study, NbPGK1 interacts with the 3′ UTR containing the poly(A) tail of BaMV viral RNA (Lin et al., 2007) . We now show that transiently expressed mislocalized NbPGK1 can lead to a dominant negative effect on the coat protein accumulation of BaMV. Together, these results suggest that BaMV viral RNA is brought to the chloroplast by NbPGK1 and that this is vital for the accumulation of BaMV at an early stage of infection.
BaMV RNA localized to chloroplast
If NbPGK1 plays a role in assisting the BaMV RNA targeting to chloroplast in an early step of infection, we should be able to see the viral RNA localized in the chloroplast. To observe BaMV RNA subcellular localization, we applied a technique using the specific interaction of the GFP-fused MS2 CP with the target RNA containing the MS2-binding sites (Fouts et al., 1997; Valegard et al., 1997) . This technique has been used successfully to study the localizations of mRNA in yeast and viral RNA in plants (Bertrand et al., 1998; Zhang and Simon, 2003) .
Firstly, we inserted eight copies of the MS2 sequence (19 nts/copy) into the BaMV genome between ORF1 and ORF2 (detailed information of the cloning strategy is described in the section of Materials and Methods section), designated as BaMV/(MS2) 8 (Fig. 4A) . Secondly, we created a construct to express a fusion protein NLS-MS2-GFP that carried a nuclear localization signal derived from the large T antigen of SV40 whose expression was transported to the nucleus. NLS-MS2-GFP was transiently expressed in N. benthamiana leaves by agro-infiltration. After 4 h of the infiltration, we inoculated BaMV or BaMV/(MS2) 8 capped RNA transcript onto the NLS-MS2-GFP expressed leaves. The results indicated that the signal of GFP fluorescence colocalized with that of chloroplast autofluorescence and was restricted on BaMV/(MS2) 8 inoculated plants (Fig. 4B ). Overall these results suggest that BaMV viral RNA is localized to chloroplast in infected cells, possibly for replication. (Lin et al., 2007) . To have EF1a target to the chloroplast, we cloned the full-length EF1a from N. benthamiana and fused it with the transit peptide derived from chl-PGK and a GFP at its C-terminus for localization. Because NbEF1a with PGK transit peptide (PGKTP-EF1a-GFP) could not target chloroplast efficiently, we constructed another NbEF1a that was fused with the full-length of the small subunit of RuBisCO (rbcS-EF1a-GFP). The results indicated that rbcS-EF1a-GFP more efficiently targets to chloroplast compared to PGKTP-EF1a-GFP (Fig. 5A) . We then 
The minus-strand RNA of BaMV was detected in chloroplasts
To test whether BaMV RNA targets to chloroplast for replication, the RNA was extracted from the healthy and inoculated leaf tissues and the isolated chloroplasts.
The cDNA was synthesized with either oligo (dT) or gene specific primer. The plusand minus-strand BaMV were PCR amplified with a specific set of primers after cDNA synthesis. The virion RNA (50 ng) was used as control to test the specificity of the amplification of minus-and plus-strand RNA. The results indicated that virion RNA can only be detected with the plus-strand specific RT (using 39dT primer) but not the minus-strand specific RT (using BaMV+1 primer). The 18S rRNA was used as control for cytoplasm-specific RNA (Li et al., 2009) ; and the chloroplast photosystem II gene psbC was used as control for chloroplast-specific gene. The results showed that the minus-strand BaMV RNA was detected in both leaf tissue and isolated chloroplast (Fig. 6 ). The cytoplasmic control 18S rRNA was only detected in leaf tissue, not in the isolated chloroplast. These results suggest that the detection is specific and minus-strand BaMV RNA is present in the isolated chloroplast. This implied that the BaMV replicative intermediate exists in chloroplasts.
DISCUSSION
In general, most of the positive-strand RNA viruses can only encode for a limited number of genes. Therefore, they cannot replicate by themselves; they require assistance from hosts. Host factors support viral infection cycles directly or indirectly (Ahlquist et al., 2003; Nagy and Pogany, 2008) . Most of the host factors that have been previously studied are involved in either viral RNA replication or viral movement. In a previous study, we identified host factor chloroplast PGK which interacts with BaMV viral RNA (Lin et al., 2007) . We now provide evidence that chl-PGK acts as a mediator for the transport of viral RNA to the chloroplast. Knocking down the expression levels of chloroplast PGK reduces the BaMV coat protein accumulation. The two dominant negative PGK mutants in this study (i.e., NOTP-PGK-GFP and NLS-PGK-GFP) were predicted to redirect the BaMV RNA from the chloroplasts to the cytoplasm and nucleus, respectively, and showed reduced accumulation of BaMV CP in plants. These results suggest that chloroplast PGK is shuttling the BaMV viral RNA to the chloroplast and that this is vital for BaMV replication. In an in situ hybridization with BaMV specific riboprobe on the infected tissue inspected under the transmission electronic microscope, the BaMV RNA could be detected in chloroplast, mitochondria and nucleus (Lin et al., 1993) . Furthermore, in gold-labeling experiment, chloroplasts were the most labeled organelles within BaMV infected cells. The gold labeling was observed throughout the chloroplast (Lin et al., 1993) . Similarly in the current study, the GFP labeling in the MS2 experiment was uniform in the chloroplast (Fig. 4) . These results suggest that the virus does not simply associate with the chloroplast membrane but that it enters the chloroplast stroma.
Once positive-strand RNA viruses infect a host, they usually target to a specific organelle for replication (Ahlquist et al., 2003; Laliberte and Sanfacon, 2010 (Wei et al., 2010) associate with the chloroplast membrane. These findings suggest that members from different viral families might be associated with the same organelle but that members of the same family do not necessarily target the same organelle or organellar membrane (Laliberte and Sanfacon, 2010) . Therefore, the fact that BaMV targets chloroplast instead of the ER where PVX, another member of the potexvirus genus, replicates is perhaps unsurprising (Bamunusinghe et al., 2009) . Although viral RNA is commonly associated with specific organellar membranes, the mechanism by which it targets specific organelle requires further study.
By using the well-studied binding mechanism of the MS2 bacteriophage protein coat and the MS2 RNA hairpin structure (Bertrand et al., 1998; Zhang and Simon, 2003) , we are able to localize the BaMV genomic RNA in chloroplasts of live N.
benthamiana cells (Fig. 4) . In a complementation study, by supplying the chimera BaMV binding protein (rbcS-EF1a-GFP) in the PGK-knowdown plants, the accumulation of BaMV was restored (Fig. 5) . Furthermore, the minus-strand BaMV RNA representing the replicative intermediate was detected in the chloroplast (Fig. 6 ).
These results suggest that BaMV RNA is hitchhiking by binding to chl-PGK and targeting to the chloroplast for replication. To our knowledge, the interaction between a host protein and viral RNA represents a novel strategy for a plant virus to target to its replication site. Other host proteins have been implicated in targeting viral replication proteins rather than viral RNA to specific organelles. For example, Tom1
interacts with the helicase domain of the tobamovirus replication protein and anchors it to ER membranes (Yamanaka et al., 2000) . Pex19p interacts with the tombusvirus p33 protein and targets it to the persoxisomes (Pathak et al., 2008) .
In this study, we discovered a novel strategy used by viral plant RNA to target chloroplasts by interacting with nuclear-encoded chloroplast proteins. Through this interaction, viral RNA could take the advantage of the transit peptide-containing protein to move from the cytoplasm to the chloroplast. 
MATERIALS AND METHODS

PGK-knockdown
Constructs
The full-length cDNA of N. benthamiana chloroplast PGK was done by two-step cloning. Firstly, the 5′ fragment or 3′ fragment of PGK was amplified from N.
benthamiana cDNA using the primers according to the sequences derived from N.
tabacum PGK full-length cDNA sequence (accession number, Z48977). The primers ( For subcellular localization, the ORF of EF1a was amplified by primers XbaI/EF1a/F and EF1∆stop/SalI/R cloned into pBIN-mGFP vector by restriction enzyme sites XbaI and SalI to generate pBIN-EF1a-GFP. The pBIN-PGKTP-EF1a-GFP and pBIN-rbcS-EF1a-GFP were created by replacing EF1a-T7 of pBIN-PGKTP-EF1a-T7
and pBIN-rbcS-EF1a-T7 to EF1a-GFP, respectively.
Transient expression for localization of mutant PGK and for virus challenge
The preparation of Agrobacterium containing pBIN-PGK-GFP, pBIN-NOTP-PGK-GFP, pBIN-NLS-PGK-GFP, pBIN-EF1a-GFP, pBIN-PGKTP-EF1a-GFP, and pBIN-rbcS-EF1a-GFP was described previously (Chiu 
Chloroplast isolation and minus-strand BaMV RNA detection
The plastids isolation was modified from the described protocol (Cowan et al., 2012 The arginine-rich motif of Bamboo mosaic virus satellite RNA-encoded P20 mediates self-interaction, intracellular targeting, and cell-to-cell movement. 18SrRNA(-) 5′-GAGCTGGAATTACCGCGGCTG-3′
